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The behavior of the φ meson at finite density is studied, making use of a QCD sum rule approach in combina-
tion with the maximum entropy method. It is demonstrated that a possible mass shift of the φ in nuclear matter
is strongly correlated to the strangeness content of the nucleon, which is proportional to the strange sigma term,
σsN =ms〈N|ss|N〉. Our results furthermore show that, depending on the value of σsN , the φ meson could receive
both a positive or negative mass shift at nuclear matter density. We find that these results depend only weakly
on potential modifications of the width of the φ peak and on assumptions made on the behavior of four-quark
condensates at finite density. To check the stability of our findings, we take into account several higher order
corrections to the operator product expansion, including αs-corrections, terms of higher order in the strange
quark mass and terms of higher twist that have not been considered in earlier works.
I. INTRODUCTION
The strangeness content of the nucleon, 〈N|ss|N〉 is an im-
portant quantity, both for understanding the effects of strange
quarks on the nucleon structure [1] and the behavior of the
strange quark condensate in dense matter. The second point
is related to the fact that, via the Feynman-Hellmann theorem,
the value of 〈N|ss|N〉 determines, to leading order in density
ρ , the pace of restoration of chiral symmetry of the strange
quark sector in nuclear matter:
〈ss〉ρ = 〈ss〉0 + 〈N|ss|N〉ρ . (1)
The strange quark content of the nucleon also has implications
that go beyond the physics of hadrons and the strong interac-
tion, as it appears in the spin-independent elastic scattering
cross sections of potential dark matter particles with nucleons
and is one of the main sources of uncertainty for these cross
sections [2, 3], therefore strongly affecting experimental dark
matter searches. Hence, it is crucial to determine this quantity
with high precision.
A variety of variables have been introduced in the literature
to parametrize 〈N|ss|N〉. We will in this paper mainly use
σsN = ms〈N|ss|N〉, (2)
and refer to it as the strange sigma term. This is a conve-
nient quantity, because it is a renormalization group invariant,
which is only related to the strange quark and does not directly
depend on parameters related to u and d quarks, which have
their own uncertainties. 1
In recent years, it has become possible to evaluate σsN by
direct lattice QCD calculations or by chirally extrapolating the
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1 Another commonly used variable is y = 〈N|ss|N〉〈N|qq|N〉 =
2mq
ms
σsN
σpiN
, where
〈N|qq|N〉 and mq are averaged quantities over the u and d quarks. σpiN
stands for the piN sigma term and is defined as σpiN = 2mq〈N|qq|N〉. Other
parametrizations use σ0 = (1− y)σpiN or fTs = σsN/mN , in which mN rep-
resents the nucleon mass.
available lattice data [4–20]. These studies have shown that
the value of σsN is about a factor of 5 smaller than what was
believed to be the correct range of values until about a decade
ago. The values reported by the various groups however still
show quite a large spread, lying roughly in the range of 0 ∼
70 MeV, which indicates that these calculations still contain
systematic uncertainties.
We will in this paper discuss a different method for obtain-
ing σsN , namely by experimentally measuring the mass of the
φ meson in nuclear matter. The behavior of the φ meson as
a function of density strongly depends on the value of σsN
and can therefore provide a strong constraint for this quantity
once it is measured with sufficiently high precision. The rela-
tion between the φ meson mass and σsN [shown in Fig. 4 and
Eq.(13)] is derived from a recently developed method com-
bining QCD sum rules with the maximum entropy method
(MEM) [21]. This method allows us to extract the most proba-
ble spectral function directly from the sum rules, without hav-
ing to make strong assumptions on its functional form. More-
over, by making use of MEM, it is possible to determine the
mass shift of the φ meson quite precisely. As shown in Sec.
III A, we have tested the reproducibility of the mass shift in
a series of mock data tests, in which we have determined the
precision of the mass shift extraction by MEM to be of the
order of 5 MeV, which is good enough for our purposes.
QCD sum rule studies of light vector mesons at finite den-
sity in fact already have quite a long history [22–32]. They
have especially attracted much interest because QCD sum
rules provide relations between the partial restoration of chiral
symmetry in nuclear matter and modifications of meson spec-
tra that could be measured in experiments [33, 34]. The early
works on this subject have usually focused on the ρ and ω
channels and the relation between their mass shifts and chiral
symmetry. By now, it is however understood that this rela-
tion is not a simple one, as the driving term for the modifica-
tion of the spectrum entering into the sum rules contains not
the most simple two-quark condensate but the more involved
four-quark condensate. Moreover, for the ρ meson, the spec-
tral modification cannot be assumed to be a simple mass shift
of the ground state peak, but is rather a combination of mass
2shift and broadening for which the sum rules only provide a
relatively weak constraint [28].
These issues are less severe for the φ meson. Due to the
effects of the strange quark mass on the operator product
expansion (OPE), it is for the φ meson channel mainly the
dimension-four term that governs the modification of the spec-
tral function and the dimension-six term (in which the four-
quark condensate dominates) is merely a small correction with
no large effects. As it has already been pointed out in earlier
works [22, 27, 31], this leads to an unambiguous relation be-
tween the φ meson mass shift and the strange sigma term,
which appears at dimension four. Furthermore, even though
the φ is expected to experience some broadening when put
into nuclear matter, it is known that its width will not grow
above the 100 MeV level and might even stay much below,
namely around 75 MeV [35] or at an even smaller value [36].
Therefore, the φ meson will retain its character as a relatively
narrow peak in the spectral function that facilitates its analy-
sis as no severe complications from large broadening effects
arise.
Because of these advantages, one can expect that the pre-
dictive power of the sum rules of the φ is bigger than for the ρ
and ω . To check whether this expectation is actually true and
to quantify in what way the sum rules constrain the properties
of the φ meson peak, and, thus, inversely, in what way the φ
meson mass constrains the values of σsN , is the main goal of
this paper.
In Sec. II A, we will first recapitulate the basics of QCD
sum rules and their application to finite density. Next, in Sec.
II B, the OPE of the φ meson channel in vacuum and at fi-
nite density will be given. Then, to demonstrate the ability
of MEM to reproduce mass shifts at finite density, the results
of our mock data analyses will be summarized in Sec. III A.
Finally, the analysis results of the OPE data are provided and
discussed in Secs. III B and IV, while the conclusions are
given in Sec. V.
II. FORMALISM
A. Basics of QCD sum rules
As usual when working with QCD sum rules [37], we start
with the two-point function of an interpolating field coupling
strongly to the φ meson:
Πµν(ω ,~q) = i
∫
dx4eiqx〈T[ jµ(x) jν (0)]〉ρ . (3)
Here, the operator jµ(x) is defined as jµ(x) = s(x)γµ s(x), and
〈〉ρ stands for the expectation value with respect to the ground
state of nuclear matter at T = 0. Generally, Πµν(ω ,~q) con-
tains two independent Lorentz structures [38], but for the case
of the φ meson at rest relative to the nuclear medium (~q = 0),
there is only one such structure and it suffices to consider the
contracted correlator defined as Π(ω2) =− 13ω2 Π
µ
µ(ω ,~q = 0).
From the analyticity of Π(ω2), the dispersion relation
Π(ω2) =
1
pi
∫
∞
0
ds ImΠ(s)
s−ω2 − iε
(4)
can be derived. The idea of the QCD sum rule approach is now
to take ω2 as a large and negative number and to calculate the
left-hand side of Eq.(4) using the OPE. This results in a power
series in 1/ω2 with (Wilson) coefficients expressed as expan-
sions in the strong coupling constant αs. On the right hand
side, the function 1pi ImΠ(s) is viewed in terms of hadronic de-
grees of freedom that couple to the operator jµ(x).
Equation (4) is in fact not yet the final form of the sum
rule as the integral on its right-hand side is not convergent and
thus a subtraction term is needed. The standard way to remedy
this problem is the application of the Borel transform, which
cancels any subtraction constant, renders the integral over s
convergent and furthermore improves the convergence of the
OPE. This finally gives
Π(M2) =
2
M2
∫
∞
0
dωe−ω2/M2 ωA(ω), (5)
where we have defined the spectral function A(ω) as A(ω) =
1
pi ImΠ(ω
2). This is the final form of the sum rule that will be
used in the analyses presented in this paper.
B. OPE of the φ meson channel in vacuum and at finite density
The result of the OPE is generally obtained as shown below:
ΠOPE(M2,ρ) = c0(ρ)+
c2(ρ)
M2
+
c4(ρ)
M4
+
c6(ρ)
M6
+ . . . . (6)
In this work, we consider terms up to dimension six. The
coefficients ci(ρ) have mass dimension i and can contain log-
arithmic dependencies on the Borel mass M, which we have
not explicitly spelled out in Eq.(6) for simplicity of notation.
The coefficients in the vacuum (ρ = 0) can be given as fol-
lows [37, 39–42]:
c0(0) =
1
4pi2
(
1+ αs
pi
)
, c2(0) =
m2s
4pi2
[
−6− 4 αs
pi
(
4− 6log
(M
µ
)
+ 3γE
)]
, (7)
3c4(0) =
1
12
(
1+ 76
αs
pi
)〈αs
pi
G2
〉
+ 2ms
(
1+ 13
αs
pi
)
〈s¯s〉+
3
4pi2
m4s
[
1+ 4log
(M
µ
)
− 2γE
]
−
1
6pi2 m
4
s
αs
pi
[
35− 3pi2− 24ζ (3)+ 3
(
2log
(M
µ
)
− γE
)
+ 18
(
2log
(M
µ
)
− γE
)2]
, (8)
c6(0) =−
112
81 piαsκ0〈s¯s〉
2 +
1
18m
2
s
〈αs
pi
G2
〉
−
4
3m
3
s 〈s¯s〉. (9)
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FIG. 1. The OPE terms in vacuum, given in Eqs.(7-9), as a function
of the Borel mass M. The contributions are shown relative to the
leading order OPE term, c0(0).
Up to dimension four, we have taken into account the first or-
der αs corrections to all the Wilson coefficients, which were
calculated already a long time ago [40, 41], but have to our
knowledge not been taken into account in the available sum
rule studies on the φ meson. These corrections, however, turn
out to be quite small, namely around 10% of the leading order
terms or smaller, with the exception of the m2s and m4s terms.
Note that for full consistency, we, in principle, should have
included the terms of α2s in the perturbative dimension-zero
term of Eq.(7), since they correspond to the hard parts of the
diagrams that give the first order αs corrections to the Wilson
coefficients of the gluon condensate, which we have taken into
account in Eq.(8). As these α2s terms, in contrast to their coun-
terparts appearing with the gluon condensate, however do not
give any contribution to the density dependence of the OPE
and hence to the φ meson mass shift, we have ignored them
here.
Furthermore, we include several higher order terms in the
strange quark mass ms, which have not been considered be-
fore: m4s [40], m2s
〈αs
pi G
2〉 and m3s 〈s¯s〉 [39]. These corrections
have also turned out to be small compared to other terms of
the same dimension. Note that there are in fact more con-
densates of dimension six, that can, in principle, appear in
the OPE. Specifically, these are ms〈s¯gσ · Gs〉 and
〈
g3G3
〉
,
whose Wilson coefficients, however, are known to vanish at
leading order in αs [39]. One further point worth mention-
ing here is concerned with the four-quark condensate term at
dimension six. To obtain its form given in Eq.(9) we have
assumed that the vacuum saturation approximation holds, and
have parametrized the possible breaking of this approximation
by the parameter κ0. In vacuum we will assume that κ0 is 1
(and thus that the vacuum saturation approximation is exact),
but will consider its deviation from 1 later in the finite density
case.
To get an idea of the behavior of the various terms of
Eqs.(7-9), they are plotted in Fig. 1. For drawing this plot,
we have used αs = 0.5 [43],
〈αs
pi G
2〉 = 0.012± 0.0036GeV4
[44], ms = 128± 7MeV [45], 〈s¯s〉 = (0.6 ± 0.1)〈q¯q〉 [46],
〈q¯q〉 = −(0.232± 0.06)3 GeV3 [47], and κ0 = 1. All these
values are given at renormalization scale 1GeV.
It is observed in Fig. 1 that the qualitative properties of
the OPE are essentially determined by the first three terms
while the fourth term, which is dominated by the four-quark
condensate, is only a small correction. This is fortunate, as
the four-quark condensate is not well known, which in the
parametrization used here translates into our lack of knowl-
edge of the actual value of κ0.
Next, for investigating the finite density case, we need to
calculate the ρ dependence of the coefficients ci(ρ) in Eq.(6).
To obtain ci(ρ) for general values of ρ is a very difficult task
that is beyond our ability at the present time. What we, how-
ever, can do, is to restrict ourselves to low densities and as-
sume that the linear density approximation is valid for the
density regime that we are interested in. We are in this work
mainly interested in the modification of the φ meson at nu-
clear matter density and there is evidence that this approxima-
tion indeed works well there [22, 26]. We will further discuss
this point in Sec. IV and for the moment just assume that
we are considering densities at which the above assumption
is valid. The ρ dependence of the coefficients ci(ρ) at linear
order has already been discussed many times in the literature
[22, 27, 30]; the main focus, however, was usually laid on the
ρ and ω channels. We here give the result for the φ channel,
which again includes several new terms that have not been
taken into account in the works published so far:
c0(ρ) =c0(0), c2(ρ) = c2(0), (10)
4c4(ρ) =c4(0)+ρ
[
−
2
27
(
1+ 76
αs
pi
)
MN +
56
27
ms
(
1+ 61
168
αs
pi
)
〈N|s¯s|N〉
+
4
27mq
(
1+
7
6
αs
pi
)
〈N|q¯q|N〉+
(
1−
5
9
αs
pi
)
As2MN −
7
12
αs
pi
Ag2MN
]
, (11)
c6(ρ) =c6(0)+ρ
[
−
224
81 piαsκN〈s¯s〉〈N|s¯s|N〉−
104
81 m
3
s 〈N|s¯s|N〉
+
8
81m
2
s mq〈N|q¯q|N〉−
4
81m
2
s MN −
3
4
m2s As2MN −
5
6 A
s
4M
3
N
]
. (12)
The novel terms here are the αs corrections of the terms at
dimension four, a term related to a twist-2 gluonic operator
at dimension four and several terms of higher order in ms at
dimension six. Most of these terms only have a small effect
and do not much change the earlier results. The only excep-
tion is the twist-2 gluonic operator at dimension four, which
is proportional to the first moment of the gluonic parton dis-
tribution Ag2. This term is in fact almost as large as the twist-2
strange quark operator (proportional to As2), and therefore can-
not be ignored. The definitions of As2, As4 and A
g
2, which are all
moments over parton distribution functions, can be found for
instance in [50].
For the numerical evaluation of Eqs.(10-12), we use MN =
940MeV, 2mq〈N|q¯q|N〉 = 45± 7 MeV [49], As2 = 0.044±
0.011, As4 = 0.0011± 0.0004, and A
g
2 = 0.359± 0.146. The
last three values have been extracted numerically from the par-
ton distributions given in [51]. The breaking of the factoriza-
tion assumption of the four-quark condensates is parametrized
using κN . Here, we follow the treatment of [31] and take
into account the possibility that κN can differ from the vac-
uum value κ0. Specifically, we will consider the range κN =
1±1. Note that we have not explicitly included twist-4 terms,
which, in principle, can appear at dimension six. In [26, 48],
the magnitude of these terms has been estimated for the ρ (ω)
meson case to be 1.36 (2.29) times the corresponding twist-
2 contribution of the same dimension. For the calculation of
this paper, we assume that the ratio between twist-2 and twist-
4 terms has the same order of magnitude for the φ meson case
and take the average value of 1.83 for this ratio. It is clear
that this only a very crude estimate and we therefore will at-
tach to it an uncertainty of 100% and use 1.83± 1.83 when
computing the error of the final results. Our poor knowledge
of the twist-4 contribution does, however, not cause serious
problems, as its contribution is negligibly small. Increasing
for instance the above ratio by a factor of 2 only results in a
mass shift of the φ meson peak of at most 1 MeV at nuclear
matter density. As explained in the introduction, we do not
assume any value for the strange sigma term ms〈N|s¯s|N〉, but
treat it as a free parameter.
Let us here also make a few comments on the derivation
of Eq.(11). One might wonder where the term containing
the (light quark) sigma term 2mq〈N|q¯q|N〉 comes from, even
though we are considering a correlator of an interpolating field
constructed from only strange quarks. This term arises from
the density dependence of the gluon condensate, which to
leading order in ρ is proportional to the nucleon mass in the
chiral limit [52, 53]: 〈αspi G2〉ρ = 〈αspi G2〉ρ=0− 89 (MN −σpiN −
σsN)ρ .
Furthermore, it is also worth mentioning that the derivation
of the twist-2 gluonic operator term is somewhat nontrivial as
it can only be systematically obtained by taking into account
the concept on non-normal ordered operators and their expec-
tation values with respect to the nuclear matter ground state,
as only for these the OPE is generally well defined in the chi-
ral limit [54]. This procedure corresponds to subtracting out
the soft contributions of perturbative quark propagators with
attached gluon lines. A detailed account of how the related ac-
tual calculations can be done has been given recently in [55]
for the case of heavy-light quark pseudoscalar mesons and we
here have followed the method put forward in that publication
to obtain this twist-2 gluonic operator term of dimension four.
For details, we thus refer the reader to [55] and the references
cited therein. 2
III. ANALYSIS RESULTS OF THE SUM RULES IN
VACUUM AND FINITE DENSITY
A. MEM test analysis of mock data
Before directly analyzing the OPE of the previous section,
we here at first will discuss the results of some test analysis of
artificial mock data. This sort of test is important for confirm-
ing what properties of the spectral function MEM is able to
reproduce and thus for getting an idea on the systematic error
of this approach. For details of MEM, we refer the reader to
[57, 58], and for practical details specific to the application of
MEM to QCD sum rules, to [21, 56].
First, we show the result of the mock data analysis of a
spectral function resembling the one of the φ meson chan-
nel in the vacuum. For this, we use a realistic input spectral
function, which has been fitted to experimental data in [59],
create mock OPE data by substituting this spectral function
2 Let us however state here that we could not reproduce one small part of the
formulas given in [55]. Specifically, we got log µ2
m2q
− 12 instead of log
µ2
m2q
−
1
3 in a factor appearing in the last term of Eq.(56) of [55]. We will in this
study use our own result, but note that this disagreement only has a very
small numerical effect on the OPE.
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FIG. 2. Result of the MEM analysis of mock data (Aout(ω)) is plotted
as a red line. The mock data were constructed from Ain(ω), which is
shown by the blue line.
into the right-hand side of Eq.(5) and then analyze these mock
data with MEM. The analyzed Borel mass region is taken to
be the same as for the OPE data analysis of the following
subsection. Specifically, we take Mmin = 0.56GeV for the
lower boundary, which is determined from the convergence
criterion of the OPE, which demands that the highest order
OPE term should be smaller than 10% of the leading pertur-
bative term of dimension zero. For the upper boundary, we use
Mmax = 1.10GeV. This rather small value for Mmax is taken
to suppress the continuum contributions to the sum rules. The
result Aout(ω) is plotted in Fig. 2, in which the input spec-
tral function Ain(ω) and the employed default model (which
is an input of the MEM analysis [57, 58]) are also shown for
comparison. We evaluate the peak position by taking the av-
erage of ω over the peak region, which is defined as the in-
terval for which the spectral function takes values above half
of the maximum peak height. We will use the same prescrip-
tion for the rest of this paper. This then leads to a value lying
44MeV above the input peak position, which gives an idea
of the quantitative accuracy of MEM for this particular quan-
tity. We will, however, see below that when considering mass
shifts, the precision will be considerably improved. It is fur-
thermore understood from Fig. 2 that the output φ peak is
strongly broadened due to artificial MEM effects, which indi-
cates that obtaining meaningful information on the width of
the φ meson at finite density from our MEM approach will be
a rather difficult task. We thus in the following concentrate
our efforts only on the mass shift.
To test the quantitative ability of MEM to reproduce such a
mass shift and how a possible broadening of the peak will in-
fluence the result, we will as a next step study several kinds of
mock data, which include mass shifted peaks with various de-
grees of broadening. A few representative results are shown in
Fig. 3, where input mass shifts are compared with their MEM
outputs. As one can observe from this plot, the mass shifts are
mostly reproduced well, the error only being a few MeV. It is
however also seen that the mass shift is underestimated espe-
cially for large positive mass shifts. We will take this effect
into account when extracting the φ meson mass shift from the
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FIG. 3. Result of the MEM analysis of mock data with mass shifted
peaks and various degrees of broadening. The mass shift obtained by
the analysis is given as a function of the input mass shift of the mock
data.
actual OPE data. We furthermore note that broadening some-
what decreases the MEM output mass, which introduces some
uncertainty into our results.
We have also investigated the effect of a possible depen-
dence of the continuum on the density. Even though we do not
have any detailed knowledge on the behavior of the continuum
in dense matter, we can make a crude estimate by assuming
that it is dominated by freely propagating kaons with prop-
erties modified by the background density. It is known from
effective models based on chiral symmetry that the kaons on
the average receive a negative mass shift of below 50 MeV
at nuclear matter density [60, 61], which can be translated
into a shift (of below 100 MeV) of the continuum towards
smaller energies. We have also considered the possibility of
the continuum becoming smoothed out due to density effects
and have allowed the gradient of the continuum to decrease
up to 10 %. Including these modifications into our analysis
has again an effect of at most a few MeV on the peak position
of the φ meson and hence leads to a further systematic uncer-
tainty. Let us furthermore stress here that the assumptions on
the behavior of the continuum mentioned above are only used
to generate mock data for the MEM test analysis presented
here. In the MEM analysis of the real OPE data of the next
section, no assumptions are made on the actual behavior of
the continuum.
All the effects discussed in the last two paragraphs will be
taken into account when evaluating the error of our final re-
sults.
B. MEM analysis of OPE data in vacuum and at finite density
After the investigation of mock data of the last section, we
are now in a position to study the actual OPE and to give an
accurate interpretation of the obtained results.
Let us start with the spectral function in vacuum, for which
we analyze the OPE data of Eqs.(7-9). The result closely re-
sembles the one of Fig. 2 and we thus do not show it here. For
the peak position (mφ ), we get a value of 1.075 GeV, which
6lies 56 MeV above the experimental value of 1.019 GeV. Note
that we have deliberately chosen a rather small value for the
strange quark condensate to get this mass. This is done in
purpose of starting the analysis from a spectral function in the
vacuum that is as realistic as possible, as higher quark con-
densate values would lead to an even larger mφ .
Next, we proceed to the main subject of interest of this pa-
per, the behavior of the φ meson at finite density. As a first
example, we choose two values of the strange sigma term, pro-
vided by recent lattice QCD calculations [10, 12], for which
we have intentionally chosen results that lie on the lower and
upper range of the values reported during the past few years.
They will therefore provide a lower and upper limit for the
mass shift of the φ meson, based on these lattice results. The
behavior of the φ meson mass as a function of density is
shown in the upper plot of Fig. 4, where it is seen that the
φ meson mass shift at nuclear matter density lies roughly in
the range of +10MeV ∼ −10MeV.
This result is especially interesting in view of the fact that
earlier sum rule studies have all [22–25, 27, 31, 32] obtained
a negative mass shift at nuclear matter density, while here we
get both the possibility of a positive and negative mass shift,
depending on the value of σsN . The reason for this discrep-
ancy is twofold. First, the recent lattice QCD values of the
strange sigma term are much smaller than those that had been
used until about a decade ago, which significantly reduces the
contribution of this term to the OPE of Eq.(12). Furthermore,
the twist-2 gluonic term of dimension four, which was not
considered in these works, has turned out to have quite a large
effect, leading to a further increase of the mass. Hence, the
situation is now quite different from what it used to be and it
is at present not even clear whether there will be a positive,
negative or any mass shift at all at nuclear matter density.
In this context, let us mention the works using hadronic
models with phenomenologically determined effective La-
grangians [27, 62–64], which at normal nuclear matter den-
sity get a small but negative mass shift of below 10MeV and
a width about an order of magnitude larger than the vacuum
value. As can be observed in Fig. 4, this is consistent with our
QCD sum rule result and some of the recent lattice QCD com-
putation ranges of σsN , but would exclude too-small values of
the strange sigma term, for which the mass shift is positive.
As explained in the introduction, we do not choose any spe-
cific value of the strange sigma term, but study the modifica-
tion of the φ meson more generally as a function of this pa-
rameter. The result of this investigation is given in the lower
plot of Fig. 4, where the φ meson mass at nuclear matter
density is shown as a function of σsN . Here, the error band in-
cludes the uncertainties of As2, As4, A
g
2, 2mq〈N|q¯q|N〉, κN , and
of the twist-4 terms of dimension six. Furthermore, the sys-
tematic errors of the MEM analysis stemming from the pos-
sible broadening of the φ meson peak and the modification
of the continuum, discussed at the end of Sec. III A, are also
taken into account. Figure 4 clearly demonstrates that there
is an (almost) linear relationship between the φ meson mass
shift and σsN . Altogether, the result of Fig. 4 can most simply
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FIG. 4. (Upper plot) Peak position of φ meson as a function of
the density ρ , for value ranges of the strange sigma term σsN , ob-
tained from the MILC [10] and JLQCD [12] lattice QCD collabora-
tions. The σsN values are 61± 9 MeV for MILC and 8± 21 MeV
for JLQCD. (Lower plot) Peak positions of the φ meson at nuclear
matter density ρ0 as a function of σNs = ms〈N|s¯s|N〉. For both plots,
the peak positions are given relative to the φ mass in vacuum.
be fitted by a constant plus a term linear in σsN :
mφ (ρ)
mφ (0)
− 1 =
[
b0 − b1
( σsN
1MeV
)] ρ
ρ0
, (13)
ρ0 representing the normal nuclear matter density. Our fit
gives b0 = (1.00 ± 0.34) · 10−2 and b1 = (2.86 ± 0.48) ·
10−4, which means that the mass shift changes its sign at a
σsN/1MeV value of b0/b1 = 34.9± 13.1. Using the vari-
able y instead of σsN , we get 0.174± 0.040 for the slope pa-
rameter (which corresponds to C/y in [22], where a value of
0.15± 0.045 was obtained) with the sign of the mass shift
switching at y = (5.74± 2.34) ·10−2.
IV. DISCUSSION
Let us try to understand the result of Fig. 4 by looking at the
OPE of Eqs.(10-12) a bit more closely. From our discussion
of the OPE in vacuum [Eqs.(7-9], see also Fig. 1), we know
that the properties of the φ meson are essentially determined
by the OPE terms up to dimension four. As the dimension-
zero and -two terms do not have any density dependence, one
7can therefore expect that the finite density contributions to the
dimension-four terms will control the modification of the φ
peak. These terms of linear order in ρ have the following
form:
−
2
27
(
1+ 76
αs
pi
)
MN +
56
27
ms
(
1+ 61
168
αs
pi
)
〈N|s¯s|N〉
+
4
27
mq
(
1+ 76
αs
pi
)
〈N|q¯q|N〉+
(
1− 59
αs
pi
)
As2MN
−
7
12
αs
pi
Ag2MN .
(14)
Written down numerically, this gives:
− 82.5MeV+ 2.19σsN
+ 3.95MeV+ 37.7MeV− 31.3MeV
= 2.19
[( σsN
1MeV
)
− 32.9
]
MeV.
(15)
Here, a positive coefficient results in a negative mass shift and
vice versa. Therefore it is easily understood from the num-
bers above that for small values of σsN a positive mass shift is
observed, which turns into a negative one at σsN = 32.9MeV.
This quite accurately describes the situation observed in Fig.
4 and shows that it is indeed the dimension-four terms that
almost completely determine the φ meson mass shift at finite
density.
Another important point that needs some discussion is how
our results can be understood in the context of the previous ex-
perimental studies on the φ meson at finite density. The E325
experiment at KEK has observed a significant excess on the
lower mass side of the dilepton spectrum of slowly moving φ
mesons produced in 12 GeV p+A reactions, and extracted a
negative mass shift of the φ of 35± 7MeV at nuclear matter
density [36]. In view of the results given in this paper, this
finding is somewhat puzzling as such a large negative mass
shift would correspond to values of σsN larger than 100 MeV
(see Fig. 4), which seems to be in contradiction with recent
lattice data [4–20], which suggest that σsN should at least be
smaller than 70 MeV. Furthermore let us mention here that
according to [29], finite momentum effects will at the upper
boundary of the lowest momentum bin of the E325 experi-
ment (β γ < 1.25) lead to a further positive mass shift of 3
MeV for the transverse and 7 MeV for the longitudinal com-
ponent of the φ meson, and hence are not expected to help re-
solve the above discrepancy. On the contrary, they even lead
to a further increase of the mass and therefore presumably will
only worsen the situation.
The E16 experiment, to be performed at the J-PARC facil-
ity, will measure the φ meson in nuclear matter with much
better statistics than in E325 and will thus hopefully provide
much more precise information on the modification of the φ
meson spectrum [65]. First of all, it will certainly be very
interesting to see whether the result of the E325 experiment
can be reproduced and what mass shift value will be extracted
from the experimental data.
Related to the above topic, it is of course important to ask
whether the sum rule approach could be missing some impor-
tant effects and thus not be accurate enough to make precise
statements on the behavior of the φ meson spectrum at finite
density. Here, we want to stress once again that the OPE of
this channel is relatively well determined because all impor-
tant terms appear at dimension four or lower. This, however,
of course does not fully exclude the possibility of some so-far
neglected contributions quantitatively modifying our results
in some way. Such higher order terms include condensates
of higher dimension, further αs corrections and terms beyond
the linear density approximation. Among these, the terms of
higher order in ρ are presumably the most dangerous ones, as
it is for instance known from in-medium chiral perturbation
theory that the light quark condensate and finite density de-
viates about 5− 7% from the linear behavior [66, 67]. Such
a deviation could also exist for the strange quark condensate,
which would modify our results accordingly. Therefore, for
making our conclusions more solid, it would be desirable to
take such kinds of contributions into account. We are planing
to tackle this task in a future publication.
V. CONCLUSION
We have studied the behavior of the φ meson in cold (T=0)
matter of finite baryonic density. This has been done with the
help of a QCD sum rule approach, in which the finite density
effects can be treated as modifications of the condensates of
the QCD ground state, and thus provides a relation between
the conversion of the φ meson spectrum and the change of the
various order parameters of QCD. We have pointed out that,
in the case of the φ meson, there is a strong correlation be-
tween the mass shift and the strange sigma term σsN (shown
in Fig. 4). This correlation emerges because of the specific
properties of the φ meson channel. First, it is known that
the φ meson remains relatively narrow even at nuclear mat-
ter density [35] and its broadening thus does not introduce a
large uncertainty into the calculation. We have checked this
point explicitly using a mock data MEM analysis and found
that this uncertainty is only as large as a few MeV in terms of
the φ meson mass shift (see Fig. 2). Second, the density de-
pendence of the relevant terms of the OPE is well understood,
the only unknown parameter being σsN , and the uncertainty
due to not well constrained higher order contributions (such
as the four-quark condensates) is sufficiently small.
Some more work still remains to be done in the future. As
a first point, it would be important to test the stability of our
results by including more higher order terms, especially those
that go beyond leading order in density. It might also be pos-
sible to improve the MEM extraction of the spectral function
with a recently proposed formulation of QCD sum rules on
the complex Borel plane [68]. Furthermore, it would be inter-
esting to confirm the earlier works on the φ spectrum at finite
momentum [29, 30], to study the constraints provided by the
sum rules on the finite momentum spectrum in detail, and to
make predictions for the experimental measurements planned
to be performed in the E16 experiment at J-PARC, at which
the φ spectrum at both zero and finite three-momentum will
be measured [65].
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